Nuclear magnetic shieldings in first-and second-row hydrides were calculated with electron correlation taken into account through third order. The calculation was performed using London's gauge-invariant atomic orbitals ͑GIAOs͒ and finite-field Mo "ller-Plesset perturbation theory ͑FF-MPPT͒. Furthermore, the vibrational motion corrections to the magnetic shieldings were evaluated. It was shown that the calculated isotropic shielding constants at the experimental geometries are higher than the experimental values, but that vibrational corrections are generally negative and improve the calculated shielding constants.
I. INTRODUCTION
In the last few years, several gauge-invariant or at least approximately gauge-invariant calculations of nuclear magnetic shieldings at electron-correlated levels have been presented. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Until several years ago, it was believed that the coupled Hartree-Fock ͑CHF͒ approximation, which includes only first-order electron correlation correction in terms of the Mo "ller-Plesset ͑MP͒ perturbation theory, would give sufficiently good results for calculations of nuclear magnetic shielding constants in most cases, e.g., first-row hydrides. 13 Recently we presented the second-and thirdorder MP correlated calculations for the nuclear magnetic shieldings in four first-row hydrides HF, H 2 O, NH 3 , and CH 4 , which were performed with the London's gaugeinvariant atomic orbitals ͑GIAO͒. 8, 14 We showed that second-and third-order correlation corrections are not so small as estimated before. 15 Sugimoto and Nakatsuji 16 recently suggested that the SCF result using GIAOs may show coordinate origin dependence. However, their prediction is incorrect because the CHF calculation with GIAOs has been proved to be independent of any displacement of coordinate origin. 17 A recent development in the calculation indicates that the combination of an electron-correlated method and use of GIAOs can afford the most reliable results for nuclear magnetic shieldings. [1] [2] [3] [4] [5] [6] [7] [8] Sometimes experiments and theoretical calculations are complementary to each other. In fact it is hard work to get experimentally absolute values of the magnetic shielding constants in the condition of an isolated molecule. On the contrary, usual theoretical computations yield the absolute shielding constant of an isolated molecule. Therefore, it is a work of importance to perform accurate calculations for absolute magnetic shielding constants of small and simple molecules which may serve as a standard substance in NMR chemical shift measurements. In this work, we present correlated calculations for the nuclear magnetic shieldings in first-and second-row hydrides and estimate the vibrational corrections to the shielding constants.
II. RESULTS AND DISCUSSION

A. Experimental geometry values for the magnetic shieldings
We performed CHF, finite-field self-consistent-field ͑FF-SCF͒, finite-field second-and third-order Mo "ller-Plesset ͑FF-MP2 and FF-MP3͒ correlation calculations with GIAOs for nuclear magnetic shieldings in four first-row hydrides HF, H 2 O, NH 3 , CH 4 and four second-row hydrides HCl, H 2 S, PH 3 , SiH 4 . The theory for these calculations of magnetic shielding constants is shown in our previous paper. 8 The magnitudes of the finite-field parameters, i.e., magnitudes of magnetic flux density components and nuclear dipole moment components, were chosen appropriately from the condition that the FF-SCF value should reproduce the CHF value corresponding to analytical derivatives of the energy. The CHF value was obtained with the use of the density matrix method proposed by Dodds et al. 18 We used the basis sets proposed by Schäfer et al., 19 which were augmented by the addition of polarization functions.
The results for the calculation of nuclear magnetic shieldings in the first-and second-row hydrides at the experimental geometries 20 are shown in Tables I and II, respectively, with other calculated results and experimental  values. 13,21-24 Table I shows that our MP3 results agree well with the most recent GIAO coupled-cluster singles and doubles ͑GIAO-CCSD͒ results given by Gauss et al. 3 The calculated isotropic shielding values av for F in HF at the electron-correlated levels are substantially higher than experimental values. The difference may be referred to as rovibrational effects on the magnetic shieldings, which will be discussed in the following subsections.
To our knowledge, the electron-correlated calculations for the magnetic shieldings in the second-row hydrides have not been presented except the GIAO-MP2 shielding calculations for the P atom in PH 3 . 25 Table II shows that the isotropic shielding values decrease with an increasing quality of the basis sets. It is apparent that the basis set used in our MP3 calculations is insufficient for the second-row hydrides, but improvement of our MP3 program will be necessary before we can use bigger basis sets. Tables I and II show that the calculated magnetic shielding constants of the non-hydrogen atoms rather well reproduce the experimental values, but the agreement between calculations and experiments is rather poor for the proton magnetic shielding constants. We will estimate vibrational corrections to the proton shieldings later.
B. Rovibrational corrections for the shieldings in diatomic molecules
In diatomic molecules we have one vibration which couples with the rotational motion. We assumed the following interatomic potential function V for diatomic molecules:
where K is the force constant and r e is the equilibrium value for the bond length r. 
͑3͒
where v and J are the vibration and rotation quantum numbers, respectively. At room temperature we may assume vϭ0. The rovibrational correction to the magnetic shielding tensor is given by
where e is the magnetic shielding tensor at the equilibrium bond length, i.e., at ϭ0. We calculated the rovibrational corrections to the magnetic shieldings in the HF and HCl molecules at 300 K. The results for HF and HCl are shown in Table III . Table III indicates that the rovibrational correction improves our results for HF and HCl shown in Tables I and  II .
C. Vibrational corrections for the shieldings in C 2v molecules
For polyatomic molecules we neglected the effects of rotational motions on the magnetic shieldings. It has been shown that the effect of centrifugal distortion due to molecular rotational motions is usually one order of magnitude smaller than the effect due to anharmonic vibrations. 28 We will calculate here only the vibrational effects on the magnetic shieldings at 0 K in the polyatomic molecules.
We first set up for the C 2v molecules the three normal coordinates from the internal coordinates ⌬r 1 , ⌬r 2 , and ⌬, i.e., the bond length and bond angle deformations, according to the standard method by Wilson. 29, 30 We calculated the normal coordinates iteratively by using experimental values for the normal mode vibration frequencies. 31 Furthermore, we defined the three internal symmetry coordinates:
where r e is the equilibrium bond length. The internal symmetry coordinates S are expressed in terms of the normal coordinates Q as SϭLQ. Namely,
where Q 1 , Q 2 , and Q 3 are A 1 stretching, A 1 bending, and B 2 stretching normal coordinates, respectively. Numerical values for the matrix elements of L are given in Table IV for  H 2   17 O and H 2 33 S. Off diagonal elements of the matrix L are less than one tenth of the diagonal elements.
One of the important applications of the normal coordinates is the calculation of the mean-square values of the internal symmetry coordinates. By ignoring contributions from anharmonic potentials the mean values of the quadratic products of the normal coordinates at 0 K are given by
͑6͒
where i is the angular frequency of the ith normal mode vibration. The mean values of the quadratic products of the symmetry coordinates ͗S i S j ͘ are readily evaluated with Eqs.
͑5͒ and ͑6͒.
In order to obtain the mean values of the S 1 and S 2 coordinates with A 1 symmetry we express the potential energy V for the nuclear motions in the molecule in terms of internal symmetry coordinates S by the relation
where the F i j and F i jk represent quadratic and cubic force constants. The equilibrium potential V e is set here to be 0.
The mean values of the symmetry coordinates ͗S i ͘ are determined by the equilibrium conditions
͑8͒
The vibrational correction to the magnetic shielding tensor is given by 6 have the E symmetry. Furthermore, the coordinates S 3 and S 4 are equivalent to the coordinates S 5 and S 6 , and the S 3 and S 4 have no cross terms between the S 5 and S 6 in any energy functions. The internal symmetry coordinates S are expressed in terms of the normal coordinates Q as SϭLQ. The matrix L has the structure represented by
where both a and b are the 2ϫ2 matrices. We write here the a and b as
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Numerical values for the matrix elements of L are given in Table VI 3 . This disagreement may be due to large contributions of high-order correlations in the shielding anisotropies.
E. Vibrational corrections for the shieldings in T d molecules
A T d -type molecule like CH 4 has ten internal coordinates, i.e., four bond length displacements and six bond angle deformations. However, the number of degrees of freedom of vibrational motions is nine and the ten internal coordinates are evidently redundant. In fact, the sum of the six bond angle deformations is zero. We have to drop a redundant coordinate without spoiling the symmetry of the coordinates. We can construct the nine internal symmetry coordinates with a use of the well-known method of the group theory. The nine internal symmetry coordinates are as follows: S 1 ( A 1 ) )/2, S 9 (T 2 ) ϭ r e ( Ϫ ⌬ 12 ϩ ⌬ 34 )/&. The three pairs of coordinates, i.e., (S 4 ,S 5 ), (S 6 ,S 7 ), and (S 8 ,S 9 ), are equivalent to each other. The three pairs of coordinates have no cross terms among them in any energy functions. This greatly reduces the number of independent force constants.
The internal symmetry coordinates S are expressed in terms of the normal coordinates Q as SϭLQ. The matrix L has the structure represented by
where a is the 2ϫ2 matrix. We write here the a matrix as 
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Numerical values for the matrix elements of L are given in Table IX To our knowledge, the present article is the first report on the vibrational effect calculation for the magnetic shieldings in T d -symmetry molecules. Jameson and Osten 36 assumed in the calculation of the vibrational corrections to the 19 F shieldings in CH n F 4Ϫn -type molecules that for the nearly tetrahedral molecules the contribution of the bond angle deformations and the second-order derivative contribution of the bond lengths can be neglected. On the other hand, Enevoldsen and Oddershede 37 asserted that for CH 3 F shieldings the second-order derivative contributions of the bond 
F. Comparison between calculations and experiments
Tables I and II show that the MP3 values for the isotropic shieldings of the heavier atoms ͑C to Cl͒ at the experimental geometries are higher than the experimental values. However, the vibrational corrections are negative and improve the calculated shieldings of the heavier nuclei except 17 O and 33 S. In H 2 O and H 2 S the MP3 shieldings are lower than the experimental shieldings and the vibrational corrections further deteriorate agreement with the experimental values. Gauss suggested that the experimental value 344.0 Ϯ17.2 ppm for the isotropic O shielding in H 2 O may also be too high. 38 The experimental value for the isotropic S shielding in H 2 S may also be too high. Tables I and II show that the MP3 values for the isotropic proton shieldings in the experimental geometry molecules are higher than the experimental shieldings except HCl. The vibrational corrections to the isotropic proton shieldings are negative and improve the calculated values. The calculated MP3 proton shieldings at the experimental geometries and the vibrationally corrected proton shieldings are plotted against the experimental values in Fig. 1 . Figure 1 shows that the vibrationally corrected proton shieldings are yet higher than the experimental shieldings. The higher-order correlation corrections and rotational motion corrections may be necessary for obtaining better agreement with experimental proton shieldings.
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